ABSTRACT--In this paper we present the methods of determination and the stress obtained at the periphery of a cold expanded hole in a 2024-T3 Alclad aluminum alloy sheet.The measurements in the aluminum clad were performed by the sin2~ method, taking experimental precautions to deal with the texture effects. In the core aluminum a special method had to be implemented to determine the stress values in a direction not accessible to the X-ray diffraction. The strains were measured in sample orientations selected according to the texture characteristics and stress factors Fij were used to calculate the stress tensor. The Fij values were determined assuming a quasi-isotropic material behavior, after concluding that the stress results were not significantly affected by factors calculated for textured material. The residual stress profile, both in the clad and in the sheet, shows a nearly axisymmetric stress state. Compressive stresses were observed near the periphery of the hole, with values that are higher on the exit than on the entrance face. Residual stresses were also higher in the hoop direction than in the radial direction. They decreased with the radial distance to the hole and affected the previous stress state over a distance of 6 ram. The plastic deformation induced by the cold expansion is well evidenced by the FWHM values, which in the affected zone decrease with increasing distance from the hole edge.
Introduction
The cold expansion of large holes in light alloys for fatigue enhancement is an example of a process that induces beneficial residual stresses. 1 Cold expansion of a hole can be achieved in a number of ways but all involve using a hard tool to plastically deform the material in both radial and hoop directions so as to permanently increase its diameter. When the tool is removed from the hole, the elastic bulk surrounding the plastically deformed material forces it to spring back so that the vicinity of the hole experiences compressive residual stresses, z These compressive residual stresses retard the crack growth, thus increasing the fatigue life of the structure.
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To predict the fatigue life enhancement and improve the design, it is necessary to know the residual stress state resulting from the process. X-ray diffraction is a non-destructive and well-established technique which can be applied for the residual stress evaluation in the near surface region of crystalline solids. Its use for the study of cold expanded holes in aluminum alloys is well documented. 2-5 However, these alloys can exhibit rolling and crystallization textures which, generally, make it difficult to use the technique. 6 In such a situation, the possible reflection directions are restricted to small angular ranges near the intensity poles of the texture and the influences of elastic anisotropy and grain interactions on the X-ray strain measurements may have to be taken into account.
This paper deals with the stress analysis near a cold expanded hole in an Alclad aluminum alloy sheet. Both base material and the clad exhibit roiling textures whose effects on the stress evaluation are extensively analyzed. The clad shows a texture of weak intensity and can be studied by the classical sin2ff method, taking some precautions on the selection of the diffraction directions. In spite of its marked texture, the same method can be applied for the study of the aluminum alloy core. However, the data had to be collected in precise orientations defined according to the intensity poles of the texture. None of the orientations is coincident with the hoop direction, for which the knowledge of the residual stresses was required. The problem was solved by the stress tensor calculation.
Material Information
The sample material is the Alclad aluminum alloy 2024-T3 with a thickness of 2 ram. It consists of an AI alloy core clad on both faces with high purity aluminum. The elastic-plastic behavior of the material was experimentally studied, and values for the yield and tensile strengths and for the Young's modulus were determined; these are given by Oc(0.2%) = 310 MPa, oR = 440 MPa, and E = 78 GPa. The clad thickness was measured by metallographic analysis. A mean value of 41 Ixm was measured for both faces. The sample geometry is a rectangular plate (280 x 25 mm 2) with a central hole of 4.83 ram. The major axis is aligned along the rolling direction of the aluminum sheet. The cold working process was performed according to FTI specifications. 7 The applied expansion was 4.5% and is given by
SlID where D is the major mandrel diameter, t is the sleeve thickness, and SHD is the starting hole diameter.
Experimental Procedure
TheX-ray diffraction measurements Were performed on a four-circle goniometer, provided with a germanium detector. Cu-Kct radiation was used for the data collection. The work was initiated by the study of the coating on both faces and was continued by the analysis of the core alloy. For this purpose, the coating was removed near the periphery of the hole by using electrolytic polishing. The hole was previously filled with an epoxy resin to avoid the wall attack. The removal was accomplished in several steps until a thickness between 35 and 40 t~m was achieved. This process was controlled by using a 1 t~m precision micrometer. Optical microscopy was also used to ensure that the core material remained intact.
Texture Analysis
The texture was studied on both faces of the plate in points close to the hole. For this purpose, the 111,200, 220, and 311 incomplete pole figures were obtained by using twodimensional discontinuous scanning, and varying ~ and qb angles in steps of 5 ~ for qr = 0 ~ -65 ~ and qb = 0 ~ -360 ~ The background was subtracted, and correction factors were applied for absorption and defocalization. The correction factors were calculated by analysis of the intensity reflected from an A1 powder, under the same conditions as the specimens. The four pole figures data were processed to calculate the orientation distribution function (ODF) using an iterative seriesexpansion method (harmonic method), proposed by Dahms and Bunge, 8 with expansion up to L = 22.
Residual Stresses
The residual stresses were measured on both faces at locations distributed every 0.5 mm along the directions shown in Fig. 1 , which correspond to the rolling (0 = 90 ~ and transverse (0 = 0 ~ directions of the sheets. By using a mask, the irradiated area was limited to 1 x 2 mm 2 in the radial and hoop directions, respectively.
The goal of this work was the determination of the stress values in the hoop and radial directions. This was easily fulfilled for the coating, in spite of the crystallographic texture, which, being weak, showed a reduced influence on the stress evaluation process. The data were acquired in two perpendicular directions and the stresses were calculated by the classical sin2gr method, once the d-sin2qr plots showed a linear distribution. The experimental parameters listed in Table 1 were used and the peak positions were calculated by the center of gravity method with a threshold of 30%.
Residual Stresses in the Aluminum Alloy Core
The aluminum alloy is characterized by a strong crystallographic texture, whose effects were considered at two steps of the X-ray diffraction stress analysis: the data collection and the stress calculation. The data could only be collected in precise directions, distributed according to the intensity poles of the texture. The identification of such directions took into account the X-ray wavelength and the diffracting planes. CuKct radiation was selected, because for aluminum it is low absorbed and allows diffracting planes at high 20 angles. The {422} planes that diffract at 137.4 ~ , instead of the {333} planes diffracting at 162.5 ~ , have to be selected to avoid the interference of the mask used to limit the irradiated area. Due to the principal component of the crystallographic texture, the respective reflections are only accessible for the strain measurement at inclination angles of 30 ~ and 54.7 ~ Howevei; the experimental analysis has shown that 0 ~ and 35.3 ~ could also be used, even though with a lower diffracted intensity. These two directions are related to the isotropic distribution of the crystals and the secondary component of the texture, respectively. To improve the data statistics, directions that take into account the scatter of the crystallographic orientations were also selected. Table 2 shows all the used ~ directions. Concerning the selection of the q) orientations, it can be observed in Fig. 1 that the rolling direction corresponds to cr00 for 0 = 0 ~ and to (Yrr for 0 = 90 ~ This direction is accessible to the X-ray diffraction and can be taken as ~o = 0. The normal direction corresponds to the other stress components shown in Fig. t , but it is not a good diffracting orientation. As a consequence, these components cannot be directly calculated, but the problem can be solved by the stress tensor calculation. For this purpose, at least three q) orientations have to be selected. Their definition was based on the restrictions imposed by the software employed for the stress calculation. It is necessary to choose q9 = 0 with all the other q) directions having to be distributed in equal A~0 intervals. The determination of these intervals was based on the analysis of the (422) pole figure, which is relative to the planes used for the stress determination. It was calculated from the ODF results and is shown in Fig. 2 . As can be observed, the intensity poles are distributed at Ago = 60 ~ intervals, beginning at the go = 0 ~ direction. This also corroborates the conclusion that for go = 90 ~ the data collection is not possible.
The first experiments were conducted by using all possible six ~0 directions shown in Table 2 , and the parameters listed in Table 3 . However, a comparison of the stress values with results calculated by using four q9 directions has shown that the scatter of the results is lower than the experimental error. This conclusion was taken into account for the following measurements which were performed with the same experimental parameters (Table 3) , but using four q) directions only. The texture effects on the stress calculation were analyzed by the method that Hauk 6 called "o-modelling", where the X-ray strains are related to macro-stresses by
where Fij are the so-called stress factors and depend on the (qg, ~) direction, g2 can be, for example, the three Euler angles between the crystal coordinate system and the sample coordinate system, s(~2) are the single crystal compliances in the sample coordinate system, S is the macroscopic anisotropic compliance tensor of the material, ODF is the orientation distribution function of the diffracting domains, and the superscript I stands for first-order stresses.
The e~0 ~ strains were calculated from the positions of the diffraction peaks and using AI powder as the standard material. The Fij components were determined by the method suggested by Sprauel et al., 9 which uses the ODF and the Kr6ner-Eshelby model of coupling. The OIj components were calculated by applying a least-squares method to the strains measured in six directions. This was a complex and time-consuming process, because of the data transfer between different software programs. For this reason, the results were compared with those calculated by the conventional method, which neglects the presence of texture. It was found that the results scattering was negligible, and thus the stress determination was pursued by using the latter method.
Results and Analysis

Texture Results
In all the studied points, distributed in both faces of the plate, the crystallographic texture showed the same components, without significant variations of intensity. Figures 3  and 4 show examples of the ODFs calculated in the AIclad and in the aluminum alloy core, respectively. According to the ratios of the counting intensity, the texture in the AI clad is not well defined, but in the core aluminum the preferred orientation of the grains is well marked. The cube texture { 100}<001> was identified in the clad. In the core aluminum, two components could be identified: the Goss texture { 110}<001>, which is dominant, and the cube texture { 100}<001>, of more reduced intensity. According to the literature, the first component is due to the rolling process and the second is developed during the recrystallization treatment after rolling.l~
Residual Stresses
The residual stresses in the Alclad were studied at positions distributed along the rolling direction (0 = 90~ Fig. 1 ). In the aluminum sheet, the normal direction (0 = 0 ~ was also considered. The results are presented in Figs. 5-7 , where a polynomial fitting of the values is suggested. They are plotted as a function of the distance from the hole edge to the center of the sampling volume. Comparing the stresses for the clad and the core aluminum, at first sight, they seem to . T-, . ~ . ,-. ~ . , . , . , . , . ,--. , . , 0 1 2 3 4 5 6 7 8 9 t0 11 12 13 Fig. 7--Residual stresses d e t e r m i n e d o n t h e exit face of t h e a l u m i n u m s h e e t f o r 0 = 9 0 ~ a n d 0 = 0 ~ have different magnitudes and profiles. However, after a more accurate observation they present similarities. All the results have shown characteristics of a biaxial stress state, with shear stresses of values close to zero and the principal stresses lying in the radial and hoop directions. The stress values, both in the clad and in the aluminum sheet, are compressive in the vicinity of the hole presenting a bigger magnitude for the hoop than for the radial direction. They are also higher for the exit face than for the entrance face. At a radial distance of about 5 mm from the hole edge, the residual stresses seem to be stabilized. However they have different behavior: in the clad they remain compressive, whereas in the core material they tend to be completely released. The stabilization of the residual stresses over distances of the order of 5 mm from the hole edge is corroborated by the peak breadth values at half-maximum intensity. As shown in Figs. 8 and 9 , for the clad and for the core material, respectively, the values, although constant inside the error bars, decrease in the work-hardened region, and later they show a tendency to stabilize. In Fig. 8 a small difference can be observed between the values for the exit and the entrance faces of the Alclad. In Fig 9, for the aluminum sheet, this difference is only detected in the 0 = 0 direction. Because the peak widths at half-maximum (FWHM) can be related with the degree of plastic deformation; these results show the extent of the affected zone and denote a higher plastification in the exit face, in spite of the higher stress values.
The compressive stresses of the Alclad were confirmed by measurements in points distant enough from the hole, where the cold working effect is not observed. Values of the order 1.90 of-25 MPa were found for both faces, using the standard method of measurement. However, using the same X-ray wavelength and a low angle incidence method, as described in Marques et al.,11 stresses of-40• (MPa) and-55 + 15 (MPa) were determined at incidence angles of 10 ~ and 5 ~ respectively. The Cu-Ka radiation at these angles has a mean depth penetration of the order of 17 Itm (~ half normal incidence), and thus the higher values may be due to a stress gradient in the Alclad.
The higher compressive stresses on the exit face, compared to those of the entrance, also suggest a through-thickness variation of the stress field. Similar differences have been determined by others. 4 This effect can be explained by a throughthickness non-uniform deformation, owing to different mechanicalconstraints at different segments of thickness, while the hard tool is pulled across the aluminum sheet.
The stresses determined on the core aluminum by X-ray diffraction were compared with results calculated by the finite-element method (FEM). 12 The application of this method has, in turn, considered two models of the mechanical behavior of the material: an elastic perfectly plastic (MEPP) and an hardening behavior. As an example, Figs. 10 and 11 show the comparison of the radial and the hoop stresses, respectively, for the 0 = 90 ~ direction. For distant points from the hole, there is good agreement between both results if an elastic perfectly plastic model is used. However, it becomes not as good when the hardening behavior model is used. For distances close to the hole, the FEM results do not agree well with the experimental values. This discrepancy is linked to the difficulty to resolve the steep stress gradients by X-ray diffraction. As a consequence, the peak values predicted by 
Conclusions
The X-ray diffraction method was applied for the residual stress evaluation on a textured aluminum sheet. The possible reflection orientations were constrained to small angular ranges near the intensity poles of the texture, but, by performing the stress tensor calculation, the stresses were determined for a sample direction where the diffracted intensity was quite null. Linear lattice-strain distributions were always observed and the stress state was calculated using stress factors of quasi-isotropic material.
The residual stresses were determined in the Alclad and in the aluminum alloy sheet. The alloy showed larger stress values, because it is much stronger than the cladding. The residual stress state, both in the clad and in the aluminum sheet, has the principal stress directions coincident with the radial and hoop directions. The stress values are compressive in the vicinity of the hole, presenting a bigger magnitude for the hoop than for the radial direction. They are also higher for the exit face than for the entrance.
The cold expansion induces a plastic deformation in the vicinity of the hole, which extends to a radial distance of about 5 mm from the hole edge.
The comparison of the X-ray diffraction results with those calculated from FEMs shows good agreement if an elastic perfectly plastic model is assumed. The agreement is not observed for distances close to the hole, where it is difficult to resolve the steep stress gradients by X-ray diffraction. As a consequence, the values predicted by finite-element simulation became underestimated.
